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AN  EXPERIMENTAL  COMPARISON  OP  CONSTANT - 
PRESSURE  AND  CONSTANT -DlilMETER  JET  PUMPS 


SUMMARY 


Jet  puaps , ore  of  corvertlonal  oorstant -diameter 
deslgr  ard  the  other  of  corstart-pressure  design  (desigr 
Irltial-veloclty  ratio  = 0.069),  having  Identical  Jet-rozzle 
to  mlxlng-tube  ar-ea  ratios  and  overall  dimensions  were 
compared  for  Initial  velocity  ratios  from  0.01  to  0.I3. 

With  a constant  static  pressure  gradient  In  its  free- 
mixing  section  ( Initial -velocity  ratio  = 0.0755),  the  constant- 
pressure  Jet-pump  efficiency  was  20.3  percent,  or  87. 1 percent 
of  the  value  theoretically  predicted.  This  corresponded  to  n 
31  percent  Improvement  over  the  cylindrical  Jet  pump  efficiency 
which  was  1^.5  percent  at  the  same  initial  velocity  ratio 
(a  =0.075i;'-  With  the  cyllYiurlcal  Jet  pump*  experlmenta.l 
efficiencies  slightly  greater  than  predicted^ by  theory  were 
obtained  --’Ith  the  ring  vortex  present  (a<0.0696).  Therefore 
the  energy  required  to  maintain  a ring  vortex  was  less  than  the 
energy  conserved  by  mixing  in  the  Improved  static  pressure 
gradient  which  resulted  from  the  vortex. 

Good  agreement  between  theoretical  and  experimental 
values  was  obtained  for  free-mlxlng-zoi.-s  lengths  and  static 
pressures  at  the  end  of  the  free  mixing  zone  for  the  cylin- 
drical Jet  pump. 


INxHODUCTIOK 


As  a result  of  the  theoretical  Jet  puiup  studies  of 
references  1 to  iJ-,  the  pumping  performance  of  tvvo  types  of 
mixing  tubes  - viz.  cylindrical  (constant  dlametei)  ana 
constant  pressure  - was  compared.  For  simplicity  It  v;as 
assumed  In  the  theory  that  the  mixing  fluids  were  Identical 
and  Inoompressible . In  order  to  approximate  these  assump- 
tions satisfactorily  the  Jet  Mach  number  was  kept  below  .5 
and  the  excess  temperature  of  the  Jet  was  less  than  10  per- 
cent of  the  absolute  ambient  temperature.  Reference  1 shows 
th&t  the  constant  pressure  Jet  pump  exhibits  a greater 
theoretical  efficiency  than  the  constant  diameter  Jet  pump 
oartloularlv  at  low  initioi  velocity  rotir':  Therefore  ihts 

design  velocity  ratio  for  the  constant  pressure  jet  pump 
was  chosen  In  this  region  so  that  the  superiority  over  the 
constant  diameter  .jet  pump  oould  be  clearly  demonstrated. 
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K kinematic  momentum  flux  I 

L length  of  the  free  mixing  zone 

I‘ij^  Jet  Mach  number  at  nozzle  exit 

p static  pressure 

p^  total  pressure 

q .i  pu  dynamic  pressure 

Q volume  flux  or  quantity  flow 

r^,  nozzle  exit  radius 

r^  mixing  tube  radius  at  Initial  plane 

radius  where  the  local  velocity  Is  one -half  the  i£kxi-:-''u>ii 
velocity  at  a cross  section  {vit.th  the  Jet  In  still  air  ) 

radius  where  the  total  pressure  Is  one -half  the  maxi- 
mum total  presBurs  at  a cross  section  {with  the  Jet  In 
still  air) 

H radius  of  constant  diameter  tube  (equal  i.o  for 

constant  p.i-essure  mixing  tube) 

S cross  sectional  area 

Up,  velocity  at  the  tube  wall 
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AU  kaxlmura  excess  velocity 

X axial  coordinate 

y outer  radius  of  free  mixlri,_  v,one 

a = U]_/uq  initial  velocity  ratio 

P = U2/UQ  final  velocity  ratio  at  test  (final)  plane 

y ratio  of  specific  heats,  constant  volume/constant 

pressure 
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non-dimensional  coefficient  defined  by  the  axial  slope 
of  the  outer  radii  of  the  mixing  zone  in  still  air 
(See  ref.  3) 

empirical  diffusion  constant  (See  ref.  4-) 

(l+p.)k  experimental  efflcieijcy 
l+p)k.j.j^  ideal  efficiency 


density 
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area  ratio  at  initial  plane 


StUt  p 


d = 

0 
1 
9 


_ _ 


Pi  a 


= — - = mass  ratio,  Induced  flow/ jet  flow 
PqP 


Q 


Subscripts 

jet  flow  at  nozzle  exit  (initial  plane) 

secondary  flow  at  Initial  plane 

mixture  at  final  plane  (test  plane) 

mixture  transf or-iiied  ri'oui  state  at  final  plane  to  a 
perfect  mixture  occui’lng  theoretically  at  some  distance 
f*  ciT*  downstream. 

ai  r 

(p-<.r>;  rtenotes  mixed  1 iov<  brought  back  to  initial  static 
pressure,  p^^ 

denotes  value  at  the  end  of  the  free  mixing  zone., 
i.e.  beginning  of  the  guided  mixing  zone. 
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Apparatus 

Ths  experimental  jet  pump  consisted  of  a oompresBor 
that  Buppllad  primary  flow  through  a convergent  nozzle,  and 
the  pump  body  that  inoludod  an  entrance  cone,  intereViange- 
able  mixing  tubes,,  and  an  exit  diffuser,  (figs.  1 and  2) 

The  3 stage  centrifugal  corapressor  was  belt  driven  . 
at  a speed  ratio  of  3:1  by  a 7.5  HP,  3 phase,  1750  RPM, 
squirrel-ciiigvT  induction  motor.  With  a jet  exit  area  of 
0.279  square  Inches  (Tq  = 0.298  in.)  the  compressor  had 
sufficient  capacity  for  a Jet  Mach  number,  Mq,  of  approxi- 
mately 0.6. 

The  entrance  bell  mouth  and  Jet  nozzle  contours  were 
designed  by  the  method  of  rsference  9.  The  original  nozzle 
design  was  unsatisfactory  because  flow  separation  occurred 
on  its  exterior  tapered  portion.  An  attempt  to  correct 
this  condition  by  fairing  a transition  from  the  cylindrical 
pipe  to  the  conical  portion  of  the  nozzle  was  unsuccessful. 
Therefore  a lengthened  nozzle  with  an  improved  external 
contour  (see  figure  3)  was  designed  and  the  inside  diameter 
of  the  duct  pipe  was  reduced  from  2 inches  to  1-1/2  inches. 
Although  separation  did  not  occur  with  the  modified  nozzle, 
some  saorlficc  was  made  in  the  reotangularlty  of  the  Jet 
velocity  profile  because  the  increased  length  produced  a 
thicker  boundary  layer  in  the  primary  air  stream. 

The  Jet  temperature  was  not  controlled.  However,  at 
no  time  did  the  temperature  differential  between  primary  and 
secondary  flows  exceed  10  percent  of  the  secondary  air  temp- 
erature. The  nozzle  exit  was  located  at  station  3 for  ell 
tests . 


Two  mixing  tubes  v?ere  tested  - viz.  a conventional 
constant  diameter  tube  and  a constant  pressure  tube  (design 
a = 0.069,  Cp  = 5.0).  order  to  make  a fair  comparison 

of  the  two  Jet  pumps  it  was  necessary  that  they  have  the 
same  overall  dimensions  - i.e.  identical  initial  radii,  exit 
radii  " R2  = 3 inoheSjand  lengths  = I9  R2  = 5?  inches  - as 
well  as  equal  initial* velocity  ratios.  In  order  to  comperj- 

^ ' .......  _ .r*  X- - — . T ..  j A ^ ^ ..w. 
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area  ratio  (^  = .01)  the  radii  at  the  initial  plana  vrere 
enlarged  to  3.015  inches. 
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The  constant  pressure  mixing  tube  was  designed  by  methods 
described  In  references  3 and  4 (table  I shows  the  basic  dimen- 
sic-nB).  Since  a constant  pressure  free  mixing  zone  requires  a 
iiontraotlon  It  was  necessary  to  fair  the  constant  pressure 
2:':i:ing  sectioij  Into  a diffuser  for  R2  to  bo  the  required  3 Inches 
( ihematlo  figure  5)*  the  end  of  this  diffuser  was  a 

■ tri.ightonlng  section  6 Inches  long  to  provide  parellel  flow 
r’  ■*  final  plane.  For  a similar  reason  both  .let  pumps  were 
p‘  -vi lad  with  a straightening  section  extending  3 Inches  up- 
s&reup  from  the  Initial  plane. 

A conical  valve  with  a screw  adjustment  was  used  to 
oc^'t  ol  the  initial  vexocity  ratio. 

r»lass  cloth  Impregnated  with  a thermosetting  casting 
r-iSin  (Henlte)  was  used  In  fabrication  of  the  entrance  section, 
m_.clng  tubes  and  exit  diffuser. 

Irstruacritation  and  Calibration 

Static  pressure  taps  having  orifices  of  1/32  Inch 
diameter  were  located  at  3 Inch  Intervals  downstream  of 
station  3.75  plus  one  each  at  the  Initial  plane,  station 
3.00,  and  the  final  plane,  station  6O.OO.  Since  the  assump- 
tion was  made  that  a constant  static  pressure  existed  across 
each  cross  section,  the  static  pressures  were  rceasured  only 
at  the  mixing  tube  walls. 

Every  other  static  pressure  tap  was  screw  threaded 
(figure  4)  so  that  the  total  pressure  probe  could  be  in- 
serted In  Its  place.  At  these  stations  total  pressure 
probe  fittings  were  also  provided  90®  radially  to  permit 
normal  diametral  surveys.  The  tip  of  the  total  pressure 
probe  was  .032  Inoh  outside  diameter  tubing  to  permit  total 
pressure  measurements  near  the  mixing  tube  wall.  Hadlal 
positions  could  be  set  to  .01  inch  by  the  attached  scale. 

A rake  ooneistlng  of  21  total  pressure  tubes  mounted 
on  a crossbar  was  located  at  the  final  plans.  These  total- 
pressure  tubes  and  the  static  pressure  taps  were  connected 
to  a multiple-tube  manometer  for  photographically  recording 
the  data.  The  rake  showed  the  flow  to  be  unsteady  at  high 
initial-velocity  ratios,  hence  data  were  taken  only  when  the 
maximum  total  pressure  was  at  the  mixing  tube  centerline. 

Since  the  loss  of  total  pressure  of  the  entrance 

Ranrinvi  WBR  or!  1 £t1  hi  « Rnr?  tVia  1 1 1 oT  — ni  rtiK- 
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trlbution  vjas  very  r.eaily  eonstant,  u^  was  determined  from 
the  gage  static  pressure  at  the  wall  of  the  initial  plane, 

Or  41,  Both  41  and  r-hc  total  pressure  surveys  away  from 
ths  high  total  pressures  of  the  Jet  wt'i-a  measured  on  a 
ml oromanomoter , 


Ciili bi'S't ion  of  ‘tbs  no2zl6  in  still  sin  for  v*r^.rlous  1 

Uq  (actually  an  avorago  Uq  over  the  jet)  was  perforir.ed  by  making  ? 

radial  total  pressure  surveys  at  the  nozzle  exi.t  with  different  i 

compressor  Intake  valve  settings.  Static  pressure  across  the  jet  i 

at  the  nozzle  exit  was  assumed  ambient.  Conventional  compres-  ! 

sible  flow  reltitlonr  were  used  in  data  reduction.  The  jet  temper- 
ature was  measured  upstream  of  the  nozzle  whore  low  velocities 
made  recovery  factor  corrections  unnecessary. 


TESTS 


Longitudinal  static  pressure  distributions  and  total 
pressure  surveys  at  the  final  plane  were  made  in  a increments 
of  approximately  O.Cl  up  to  a maximum  of  0.13  for  both  the 
constant -diameter  and  constant -pressure  mixing  tubes.  The 
velocity  ratio  was  adjusted  by  means  of  the  conical  valve  at 
the  end  of  the  exit  diffuser.  In  addition  to  these  data  re- 
quired for  performance  evaluation,  diametral  total  pressure 
surveys  were  taken  at  initial  velocity  ratios  of  0.02  (show- 
ing the  ring  vortex)  and  0.08  for  the  constant  diameter  mixing 
tube,  and  at  the  design  a of  O.O69  for  the  constant-pressure 
mixing  tube. 
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A systematic  investigation  was  conducted  to  determine  ■ j 
the  a at  which  the  ring  vortex  originated  for  the  constant  1 
diameter  mixing  tube.  The  presence  of  the  ring  vortex  was  I 
confirmed  for  the  constant  pressure  mixing  tubs  at  an  a of  ‘ | 
0.02.  Reverse  flow  was  determined  by  noting  a decreasing  ! 
rather  than  increasing  tendency  in  the  measured  values  of  | 
total  pressure  as  the  probe  was  moved  away  from  the  mixing  1 
tube  wall.  The  probe  was  pointed  in  the  normal  upstream  ! 
direction  at  all  times.  i 


Surveys  were  made  of  the  jet  in  free  air  to  measure 
the  Jet  spreading  coefflolent  and  thereby  check  the  value 
assumed  in  the  constant  pressure  mixing  tube  design.  This 
was  done  for  both  the  original  and  the  modified  nozzle.  Data 
were  taken  at  distances  up  to  80  nozzle  diameters  from  the  jet 
exit  for  the  original  nozzle  and  up  to  35  diameters  for  the 
modified  nozzle. 


RESULTS  AND  DISCUSSION 
Ef  f icienciea 

The  prime  purpose  of  these  jet  pump  experiments  was 
to  show  the  economical  superiority  of  the  jet  mixing  process 
at  constant  sfcaric  pressure  (or  with  axially  decreasing 
pressure)  over  that  for  axially  increasing  pressure  which 
occurs  in  the  conventional  constant -diameter  jet  rump.  As 
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3hO’wn  In  i?eferenc0  1 and  stated  in  reference  7,  the  economical 
superiority  of  a constant  pressure  or  decreasing  pressure 
mixing  tube  is  easily  understood.  The  energy  lost  in  the 
mixing  process  is  the  work  done  by  the  turbulent  shearing 
stresses.  This  work  can  be  reduced  by  decreasing  the  velocity 
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A ■ jj-tive  pressure  gradient,  as  in  the  cylindi'loal  mixing 
tube,  decreases  the  velocity  of  the  weaker  secondary  fioi-j 
more  in  proportion  than  the  velocity  of  the  stronger  jet 
causing  an  adverse  effect  on  this  velocity  difference. 
Conver5el3'’,  a negative  pressure  gradient  supports  the  equal- 
izing effect  of  the  mixing  process  and  so  reduces  the  work 
done  by  the  turbulent  shearing  stresses. 


The  ideal  efficiency  of  the  constant-pressure  .jet 
pump  (at  its  design  condition)  is  always  greater  than  for 
the  cylindrical  tube.  However,  at  high  velocity  ratios  the 
small  gain  in  ideal  efficiency  la  more  than  lost  in  the 
diffuser  of  an  actual  pump.  Thorafore  the  superiority  of 
oonstant-pressure  Jet  pumps  is  limited  in  velocity  ratio. 
The  design  conditions  for  the  constant-pressure  mixing  tube 
in  this  experiment  were  ohoten  in  the  low  velocity  ratio 
region  so  that  the  superiority  over  the  constant  diameter 
mixing  tube  could  be  clearly  demonstrated. 


An  efficiency  of  the  perfect  mixing  process,  l.e. 
that  mixing  process  completed  theoretically  only  at  some 
distance  far  downstream  where  the  total  pressure  would  be 
constant  across  the  cross  section,  was  defined  by  consid- 
ering the  transmission  of  Jet  kinetic  energy  to  the 
secondary  flow  with  the  final  static  pressure  equal  to 
initial  static  pressure.  This  meant  that  for  performance 
evaluation  the  experimental  flow  as  measured  at.  the  test 
plane  was  first  transformed  without  losses  to  a perfectly 
mixed  state  and  then  Isentroplcally  expanded  back  to  the 
initial  static  pressure.  The  rolatlons  used  in  this 
procedure  were  the  following: 
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(See  ref,  6) 
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The  density  ratio  (— ) was  calculated 
for  constant  pressure  by 
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and  for  constant  diameter  by 


po  P3  PO 


( See  ref . 6 ) 


The  ideal  efficiency  used  was 

T\^  = (l+|ji)k^j^. 

The  thecr-e  t leal  values  of  the  transmission  coef- 
ficient were  defined  as 

, 1 + (l+2|x)a 
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1 or  corsrant  pressure 
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for  constant  diameter . where  p is 


the  final  velocity  ratio  at  some  distance  far  downstreat- 
and  was  found  approximately  from 


.e]  e 


with 


..do 


1 + p. 

^ + 7Kq2  (1+^a) 


1 + Mo^(l+pLa^) 


(See  ref.  6) 


In  these  calculations  the  ratio  — was  assumed  to  be 

PO 

an  average  of  test  values  (see  tables  II  and  ill).  Boundary 
layer  losses  were  neglected  in  the  ideal  efficiency  evaJ'_- 
tion.  It  is  important  to  understand  that  the  curve  of  ideal 
efficiency  for  the  constant-pressure  mixing  (fig.  6)  actually 

c tfaYvi"  <3  u •Pami  1 V nP  cii-r*o 

^ j 

designed  for  a given  area  ratio,  , and  various  initial 
velocity  ratios. 


The  expsriraerital  efficiency  of  the  constant  pressure 
Jet  puap  was  20.3  percent,  or  87.1  percent  of  the  Ideal 
efficle'ncy  when  the  static  pressure  was  apprcxlraately  con- 
ataht  In  the  free  mixing  zone,  i.e,  ac  the  initial -velocity 
ratio  equal  to  O.0755  (fig-  6).  Figure  11  shows  the  region 
of  nearly  zero  axial  static  pressure  gradient  at  a = O.0733. 
Constant  pressure  In  the  mixing  section  did  net  occur  at 
the  design  a(a  = 0.069),  because  the  actual  Jet  spreading 
coefficient  was  larger  than  that  assumed  In  the  dssign  of 
the  mixing  tube  (discussed  more  fully  In  the  Appendix  I on 
Jet  spreading  coefficient). 

The  difference  between  Ideal  and  experlraer?tal  ef- 
ficiencies on  the  constant  pressure  Jet  pump  resuitod  for 
two  reasons:  (1)  the  mixing  process  was  not  completed  In 
the  constant  pressure  section  of  tne  mixing  tube,  but 
continued  In  the  diffuser  under  an  adverse  pressure  gradient, 
end  (2)  friction  losses  occurred  throughout  the  pump.  With 
velocity  ratios  less  than  Q.C?55  the  mixing  losses  IncreaBed 
beoause  the  mixing  was  performed  under  adverse  (positive) 
static  pressure  gradients,  and  at  very  low  velocity  ratios 
the  presence  of  a ring  vortex  caused  additional  energy 
losses  (these  ware  partially  overcome  by  mixing  In  the 
Improved  static  pressure  gradient,  see  figures  11  and  12 
for  040.03)  Existence  of  the  ring  vortex  was  verified  at 
a ~ q702.  For  velocity  ratios  greater  than  0.0755  the 
diffuser  losses  increased,  whereas  mixing  losses  were 
diminished  by  favorable  pressure  gradients  in  the  mixing 
tube.  As  the  velocity  ratio  was  increased  the  diffuser 
losses  eventually  outweighed  gains  obtained  by  mixing  under 
decreasing  static  pressure  gradients  and  the  efficiency 
decreased  (see  figure  6). 

The  losses  other  than  mixing  losses  in  the  constant- 
diameter  mixing  tube  were  essentially  in  the  boundary  layer 
and  therefore  were  appreciable  onlj''  at  high  velocity  ratios. 

It  was  predicted  (reference  2)  -chat  reverse  flovr  would  occur 
In  the  cylindrical  mixing  tube  for  total-pressure  coefficients, 
Cp,  greater  than  ^.558.  This  numerical  value  depended 
entirely  on  the  shape  of  the  excess  velocity  profile  at  the 
end.  of  the  free  mixing  cone  which  was  not  very  well  kr.lOv^m 
when  the  prediction  was  made.  An  evaluation  of  the  experi- 
mental excess  velocity  profile  at  station  18.00  with 
a - 0.08  suggested  that  a more  correct  theoretical  value  of 
critical  total-pressure  coefficient  would  have  been  0,^  = 3-^^, 
if  the  .resence  of  the  boundary  layer  at  the  wall  war.’ negiec  ted , 
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The  systematic  investigation  of  total  pressures  along 
the  wall  of  the  Gonstant  diameter  Jet  pump  revealed  that  reverse 
flovi  did  occur  for  all  Initial-velocity  ratios  less  than  O.C696, 
l.e.  C,^  values  greater  than  2.76.  The  difference  between  the 
revised  thecratical  and  trie  experliuental  values  can  be  explained 


by  the  pr-eserioe  of  the  boundary  layer  at  the  wall,  which  in  an 
adverse  pressure  gradient  is  always  more  prone  to  reverse  flovr 
direction  than  the  secondary-air  potential  flow  with  its 
higher  kinetic  energy  (in  potential  flow  reversal  originates 
when  the  increase  of  rtetlc  pressure  from  the  initial  plane 
to  tho  end  of  uhe  free  mixing  zone  equals  the  initial  dynamic 
pressure  of  the  secondary  flow).  Before  the  tests,  con- 
jectures were  made  as  to  whether  mixing  gains  due  to  sup- 
pression of  the  adverse  stat.i  ' pressure  gradient  by  the  ring 
vortex  (figures  13  and  14)  wc,  .d  offset  the  additional  energy 
required  to  form  the  vortex.  This  was  actually  the  case  as 
shown  by  the  fact  that  experimental  efficiencies  were  slightly 
above  the  theoretical  values  on  the  constant  diameter  jet  pump 
for  a less  than  0.07. 


The  superiority  of  the  constant-pressure  Jet  pump 
over  the  constant-diameter  Jet  pump  was  evident  over  a I'flde 
range  of  working  conditions  (figure  6).  V.'ith  constant 
pressure  in  the  constant  pressure  mixing  tube  (a  = 0.075) 
the  improvement  amounted  to  31  percent  of  the  constant  dia- 
meter Jet  pump  efficiency  which  xvas  15-5  percent  at  that  a. 
Figure  7 shows  the  range  of  mass  ratios  for  the  tescs. 

Since  the  transmission  coefficient,  k,  is  the  ratio  of  the 
specific  kinetic  energies  of  the  perfectly  mixed  flcv?  (at 
p' = pt ) to  the  primary  flow,  the  graph  of  figure  0 shows 
in  anoT:har  fashion  the  increasing  superiority  of  the  constant 
pressure  design  at  low  velocity  ratios.  A further  com- 
parison of  the  two  mixing  tubes  is  shown  oy  the  static 
pressure  plots  (figures  9 and  10),  Since  the  dynamic 
pressures  at  the  final  plane  were  approximately  equal  for 
a given  a,  the  greater  increase  in  static  pressure 
Indicated  more  efficient  mixing. 


Length  of  the  Free  fixing  Zone  in  the 
Cylindrical  Mixing  Tube 

The  length  of  the  free  mixing  zone  from  a point 


orifice  in  a cylindrical  mixing  tube  v/as  theoretically 
predicted  from  the  following  table  (ref.  3): 


where  the  total  pressure  coeiflclert  was  defined  as 
PtT  ” Ptn 


-p  = 


>rj-dimeTislona!l.  coefficient  Kjtj  wqq 


defined  uy  the  axial  slope  of  the  outer  radii,  y,  of  the 
Biixing  zone  in  still  air  - i.e. 

= 16  Kjjj. 


The  slope  can  be  determined  from 
^ cix 


(Relchardt's  value  0.060.  reference  10)  and  the  consLant 
ratio  Since  - 0.232  (ref.  11),  then 

y ^ 


- Q -.0-^  = 0.2586  = 16kttt-  lengths  of  the  free  mixing 

dx  0.232 

zones  in  the  constant -diameter  tube  were  calculated  using 
the  numerical  factor  16kuj  = 0.2586,  and  are  denoted  as 
dashed  curves  in  figures  13  and  14,  In  agreeroerit  with 
Relchardt's  results  it  was  assumed  that  the  equivalent  point 
orifice  was  located  at  the  Initial  plane  . These  curves 
came  close  to  the  locus  of  the  first  inflection  points  of 
the  axial  pressure  distributions  (for  those  velocity  ratios 
where  no  ring  vortex  occurs,  namely  a>  0.0696).  Tneoretlcal 
considerations  on  the  connection  between  pressure  distribution 
and  excess  velocity  profile  led  to  the  conclusion  that  the 
first  inflection  points  defined  the  actual  end  of  the  free 
mixing  zone  if  reverse  floi?  did  not  exist.  The  presence  of 
reverse  flow  in  the  mixing  zone  was  Indicated  on  the  axial 
pressure  distributions  by  a flat  portion  at  low  velocity 
ratios  and  a dip  at  smallest  velocity  ratios  (figures  11  to 
Id).  The  dip  for  a less  than  0.03  (on  either  mixing  tube) 
was  explained  as  a thickening  of  the  ring  vortex  as  a 
decreased,  causing  radial  \j-eloclties  that  lowered  the  local 
static  pressure. 

Similarity  of  Static-Pressure  Distributions  in  the  Guided 

Fixing  Zone  of  the  Cylindrical  Mixing  Tube 

Empirically  the  static-pressure  distributions  in  the 
guided  mixing  zone  can  be  reduced  to  a single  curve. 


^/ppP 


r X _ 6 ■ 8u  ‘1 

flGp  (R  - /-2i  - 7r 


at  least  for  a wide  range  of  total  pressure  coefficients 
as  shown  by  flgruiw-  I5.  The  greater  part  of  these  curves 
were  straight  lines.  The.se  srateraents  are  not  applicable 
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to  the  higher  total -pressure  coefficlerts  wher)  a strong  ring 
vortex  was  formed  In  the  mixing  tube  nor  to  the  lowest  total - 
pressure  coefficieut  when  the  flox-r  had  large-  fluctuations. 

The  reduced  curves,  however,  were  I'fholly  or  at  least  partially 
straight  lines  with  slopes  not  much  different  from  those  of 
medium  total-pressure  ouei  x .■.clents , 

Total  Pt'  ure  Surveys 

The  total-pressure  ' irvays  u'lgs.  16  through  3^)  shovr 
the  progression  of  the  fre  mixing  zone  toward  the  wall  of 
the  mixing  tube  and  the  change  In  the  type  of  velocity  pro- 
file from  the  free  mixing  zone  to  the  guided  mixing  zone. 

The  scriec  on  the  cylindrical  mixing  tube  at  an  a of  0.02 
(figures  29  to  3^)  shows  f’e  boundary  of  the  ring  vortex. 

It  should  be  stated  that  t..e  total  pressure  values  on  these 
surveys  are  averages  taken  over  a period  of  several  minutes. 
Due  to  the  Irregular,  lo>«r-f requency  pra.ssure  variations,  of 
large  amplitude  which  were  superimposed  on  higher-f rcquencyed , 
small  amplitude  pressure  va.^iations  averaged  values  were 
deemed  most  representative.  Other  Investigators  - viz. 
Vlktorin  - also  reported  similar  difficulties  In  making 
readings . 

£ilrce  the  total  pressure  probe  always  faced  upstream, 
those  values  in  the  region  of  reverse  flow  have  no  physical 
significance  other  than  to  Indicate  the  presence  of  reverse 
flow.  This  is  the  reason  that  these  values  are  connected 
by  a dotted  curve  on  the  plots. 


CONCLUSIONS 


At  low  velocity  ratios  where  the  Ideal  efficiencies 
of  the  constant  pressure  Jet  pumps  are  considerably  greater 
chan  for  the  constant  diameter  Jet  j^umps , the  incorporation 
of  constant  pressure  design  improved  performance  to  a great 
extent.  Moreover,  a constant  pressure  pump  designed  to 
operate  at  a low  velocity  ratio  will  exhibit  Its  superiority 
over  a wide  range  of  working  conditions. 

Large  diffuser  losses  wViich  occurred  at  high  velocity 
ratios  nullified  gains  of  mixing  economy  secured  by  favor- 
able static  pressure  gradients  In  the  constant  pressure  Jet 
pump.  Therefore,  If  the  restriction  imposed  by  the  tes c 
(that  the  overall  dimensions  for  the  constant  pressure  and 
cylltidrlcal  Jet  pumps  must  be  equal)  were  revoked  so  that 
i;he  diffuser  on  the  constant-pressure  Jet  pump  would  be  un- 
necessary, the  experimental  efficiencies  for  this  pump  would 
nave '.been  much  nearer  to  those  predicted  by  theory. 


_ ^ *v,o  y,4-vi  - in  the  tnixiTJe  tUD© 

BuppressSI  Sridve;©^  ( i^cr'easiPgV  sfatic  pressure  Jradlert . 
It  was  found  that  the  energy  requirea  to  ni«in 

in  the  cylindrical  jet  pump  wac  x-r;»o  onan  . av^ 
energy  sa^ed^by  mixing  in  a more  favorable  static-pressure 
rr-r.o/^fent  Th 6 rssult  was  an  experimental  efficiency  sligh  / 

Ireater  than  that  predicted  by  theory  for  t**©  cyiinaricax 
j6’t  pUujp. 

similarity  of  static  pressure  distributions^existed 
in  the  g'nidad  mixing  zone  of  the  cylindrical 
when  the  velocity  ratio  was  neither  low  enough  to  have  a 
ring  vortex  nor  excessively  high  as  to  have 
fluctuations.  A theoretical  explanation  for  tne  observ 
similarity  was  not  found. 
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APPENDIX  I 


u£*x  orUciAUlwu'  our»rr  j. ^•j.Cji'ix 


Measurement  of  the  jet  spreading  coefficient  In  still 
air  was  made  for  two  reasons:  (1)  because  of  the  range  of 
spreading  coefficient  values  given  In  literature,  and  (2) 
for  a check  on  the  value  assumed  in  the  design  of  the 
constant-pressure  mixing  tube. 


Tollmlen’s  value  for  the  slope  of  ri/2  plotted  versus 
distance  from  the  nozzle  (l.e..  spreading  eoefflclent)  Is 
0.077,  but  this  value  proved  somewhat  low  because  the  measure- 
ments were  not  taken  sufficiently  fax’  downstream  from  the 
nozzle.  A British  Investigation  at  R.A.E.  yielded  a spreading 
coefficient  of  0.0875  which  v?as  near  Relchardt' s value. 
Reiohardt  reported  a slops  of  '■i'Si’S’-is  dlEtence  from  the 

nozzle  equal  to  0.060.  If  this  value  Is  transformed  Int' 
spreading  coefficient  form  by  the  constant  ratios 


= 0.232  and  = 0.56 

y y 

according  to  the  theoretical  velocity  o.istrlbutlon  calculated 
by  Tollmlen  (reference  11),  the  result  Is 


the 


^^1/2  ^ 0.06(0.36) 
djc  C . 232 


0.0931 


With  low  temperature  differences  between  the 
surrounding  air,  the  present  tests  yielded 


jet  and 


£:IZ2  = 0.0928.  (Fig.  35) 
dx 

The  shifting  of  the  curve  of  half-maximum  velocity  radii 
upward  in  the  case  of  the  modlflsd  nozzle  (fig.  35)  was 
probably  due  to  the  thicker  boundary  layer  In  that  nozzle 
caused  by  Its  elongation  (fig.  4).  A density  correction 
based  on  the  temperature  differential  was  triad,  but  the 
correction  was  found  to  be  less  than  the  experimental  scatter. 


Schlictlng  (reference  12)  overlooked  that  Relchardt 
refers  to  '■he  radius  of  half  maximum  total  pressure,  r » 
Instead  "if  the  more  commonly  used  half  maximum  velocity'’ 
radius,  i‘x/2*  Consequently  the  following  corrections  to 

reference  4 must  be  stated. 
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(1)  J'^/2  “ 0.093 lx  Instead  of  equation  IV83  stating  = O.Oox. 

(2)  y = O.2586X  instead  of  equation  IV85 

(3)  Ktv^’  = 0.0063  or 

= 0.0825  Instead  of  equation  IVB?. 

Since  the  smaller  Jet  spreading  coefficient  was  assumed 
In  the  design  of  the  constant  pressure  mixing  tubes  (equation 
IV83),  the  need  for  the  Initial  velocity  ratio,  a,  to  be  0.0755 
Instead  of  the  design  value  of  O.069  for  constant  pressure  In 
the  free  mixing  zone  Is  explained  at  least  In  a qualitative 
manner. 
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Af'FENDIX  II 


f-»r)*r'o«^TTTT::?  •m  rmi'c."'  Tr»xrr.  rmitn 

riXUkJOUilU  XIJ.  XlIA^  XIll'IX/  AXAi^ 


X’  XXXJA^ 


MTYTTJn. 


THE  CYLINDRICAL  MIXING  TUBE 


ZONE  IN 


At  thG  Grid  of  the  free  iilxiDg  zone  and  in  the  guided 
mixing  zone, the  radius  of  the  mixing  zone,  y,  Ic  Identical 
with  the  constant  radius  of  the  cylindrical  mixing  tube,  R. 
Since  the  volume  flux,  Q,  is  constant,  the  velocity 


+ r-.-ATr 
-- 


is  a constant  too.  Here  denotes  the  velocity  at  the  tube 
wall  and  AU  the  maximum  excess  vclcclty;  is  a form  par- 
ameter of  the  excess -velocity  profile.  These  .quantities  are 
functions  of  the  axial  coordinate,  x. 


Dividing  trie  kinematic  momentum 
sectional  area  glve.s 


f*  ux  F ■'■ro  oroKs- 

A f 4 » ^ •r,,  ---  -- 


+ 2fQu'  AU  + frAU^ 

^ O-  J. 


which  specializes  at  some  distance  far  downstream  to 


h. 

ttR^ 


The  momentum  theorem  states  that 


P3 


-p  = = p(u|  + 2f(^UaAU  + fjAU^-u^). 


ttR^ 


By  substituting 


Ua  = ’'^3-^Q-^U 


The  result  is 


Oo-n  - p • AU‘ 

t'J  - • X lei- 


or 


/Pq-p  ^ 

'/  Q3 

y U3 

where  Qq  = Pu^/2. 

In  ref.  3 it  wOiC 

i~V*ta+* 

<aA  LJ  LJ  VAXiU  W VA  W i.  A.  <_«.  V 

mixing  zone  Tq  = 

i and  f T ” ( eqs  . 

3 -^9 

III  8b).  On 

the  equation  III  13(nof.  3)  was  derived  which  spe 
the  end  of  the  free  mixing  zone  to 


in  rhe  free 
this  basis 
clalized  at 
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— = ^ t-3  + ./1+-23C_) 

U3  P' 

SubBtituting  foi-  bu  /u^  and  v/2(i''j-f^)  = 0.3772  yields 

/""■■  ■ ■ ' —a" 

■"0-738  (-1  y 1 + 2.556  G~) 

where  p*denotes  the  static  pressure  at  the  end  of  the  free 
mixing  iiOne,i.e.  at  the  start  of  the  guided  mixing  ?one. 

T)ie  asymptotic  pressure,  p^ . can  be  equated  to  the  pressure 
P2  ir  the  exit  plane  if  this  plane  is  situated  sufficiently 
far  downstream  as  in  these  experiments.  However,  the  presence 
of  t'ne  rake  in  the  flow  altered  the  static  pressure  reading 
in  the  final  plane  as  can  be  seen  on  the  static  pressure 
plots,  and  P9  was  read  at  the  next  static  pressure  tap  up- 
stream from  the  final  plane.  Values  of  q£  were  also  based 
on  the  same  static  pressure  readings.  x'he  theoretical 
function  is  compared  with  the  experimental  results  in 
figure  36.  The  experimental  values  of  p*were  read  from  the 
pressure  distribution  plots,  figures  13  and  I'l,  at  the  first 
inflection  points. 
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CONSTANT  FHESSURE  MIXING 


Axial  Distance 
Frotu  Initicii  Plans 
( Inches ) 

.000 

1.24s 

2.895 

4.689 

^ is  O T 
w » ^ y -i- 

8.637 
1C.785 
13.095 
15.540 
17 . 100 
20 . loo 

21.100 

26.100 

29.100 

32.100 

35.100 

38.100 

41.100 

44. 100 
47 . loo 

50 . 100 
51.000 


TUBE  (a  DESIGN  = .069) 


Dianjs  ter 
( Inches ) 

6.030 
5.850 
5-670 
5.484 
5 . 301 
5.118 
4.932 
4.746 
4.560 

4. 4^6 
4.262 
4.141 
4.082 
4,085 
4.151 
4.279 

>*  i*  f^r\ 

S*.  M'/'U 

4.723 

5.038 

5.415 

5.855 

6.000 


TABLE  II  NUMERICAL  RESULTS  FOR  CONSTANT  PRESSURE  JET  PUMP 
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